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Expansion  of  wind  energy  installed  capacity  is  poised  to  play  a  key  role  in  climate  change  mitigation. 
However,  wind  energy  is  also  susceptible  to  global  climate  change.  Some  changes  associated  with 
climate  evolution  will  likely  benefit  the  wind  energy  industry  while  other  changes  may  negatively 
impact  wind  energy  developments,  with  such  ‘gains  and  losses’  depending  on  the  region  under 
consideration.  Herein  we  review  possible  mechanisms  by  which  global  climate  variability  and  change 
may  influence  the  wind  energy  resource  and  operating  conditions,  summarize  some  of  the  tools  that  are 
being  employed  to  quantify  these  effects  and  the  sources  of  uncertainty  in  making  such  projections,  and 
discuss  results  of  studies  conducted  to  date.  We  present  illustrative  examples  of  research  from  northern 
Europe.  Climate  change  analyses  conducted  for  this  region,  which  has  shown  considerable  penetration  of 
wind  energy,  imply  that  in  the  near-term  (i.e.  to  the  middle  of  the  current  century)  natural  variability 
exceeds  the  climate  change  signal  in  the  wind  energy  resource  and  extreme  wind  speeds,  but  there  will 
likely  be  a  decline  in  icing  frequency  and  sea  ice  both  of  which  will  tend  to  benefit  the  wind  energy 
industry.  By  the  end  of  the  twenty-first  century  there  is  evidence  for  small  magnitude  changes  in  the 
wind  resource  (though  the  sign  of  the  change  remains  uncertain),  for  increases  in  extreme  wind  speeds, 
and  continued  declines  in  sea  ice  and  icing  frequencies.  Thus  the  current  state-of-the-art  suggests  no 
detectable  change  in  the  wind  resource  or  other  external  conditions  that  could  jeopardize  the  continued 
exploitation  of  wind  energy  in  northern  Europe,  though  further  research  is  needed  to  provide  greater 
confidence  in  these  projections. 
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1.  Introduction 

Renewable  energy  sources  currently  meet  approximately  14% 
of  energy  demand  world-wide  [1,2],  and  are  poised  to  play  an  even 
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greater  role  in  future  energy  provision  [3].  These  technologies 
provide  a  key  component  of  efforts  to  mitigate  climate  change 
[1,4],  and  can  contribute  to  the  security  of  energy  supply  and 
environmental  protection  measures  [5,6]. 

Of  the  renewable  energy  technologies  applied  to  electricity 
generation,  wind  energy  ranks  second  only  to  hydroelectric  in 
terms  of  installed  capacity  and  is  experiencing  rapid  growth.  The 
European  Union  has  set  a  binding  target  of  a  20%  renewable  energy 
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contribution  by  2020,  which  equates  to  34%  of  electricity 
production.  It  is  estimated  that  wind  energy  could  contribute 
one-third  of  this  production  [7].  Wind-generated  electricity 
contributed  over  1%  of  global  demand  for  the  first  time  in  2007, 
when  installed  capacity  grew  to  94  GW  [8].  In  2008,  a  further 
27  GW  of  capacity  was  commissioned  and  capacity  increased  29% 
to  nearly  121  GW  [9].  It  has  been  suggested  that  installed  capacity 
will  increase  fivefold  over  the  next  10-year  period,  to  exceed 
700  GW  by  2017  [10],  which  is  possible  at  current  growth  rates. 
Wind  energy  is  market-ready  in  that  the  technology  is  mature  and 
the  price  of  power  is  broadly  competitive  to  other  types  of  new 
generation,  depending  on  the  location  [1 1  ].  In  terms  of  energy  and 
carbon  balance,  about  3-7  months  of  turbine  operation  are 
required  to  recover  the  energy  spent  in  the  full  life  cycle  of  the 
turbine  (including  removal  and  disposal)  and  avoided  emissions 
range  from  391  to  828  g  of  carbon  dioxide  per  kWh  [12]. 

Wind  energy,  like  many  of  the  renewable  technologies,  is  also 
susceptible  to  climate  change  because  the  ‘fuel’  is  related  to  the 
global  energy  balance  and  resulting  atmospheric  motion  [13]. 
Hence  here  we  seek  to  ‘close  the  loop’  by  asking  the  question; 
‘what  impact  might  global  climate  change  have  on  the  wind  energy 
industry?’ 

Atmospheric  conditions  enter  into  the  design  and  operation  of 
wind  turbines  and  wind  farms  largely  under  the  rubric  of ‘external 
conditions’.  The  wind  climate  governs  the  energy  density  in  the 


wind  and  hence  the  power  that  can  potentially  be  harnessed: 

E  =  lpU3  (1) 

where 


E  =  energy  density  (W  m-2), 
p  =  air  density  (kg  m-3), 

U  =  wind  speed  at  hub-height  (m  s-1). 


Assuming  the  time  series  of  wind  speeds  conforms  to  a  two- 
parameter  Weibull  distribution  as  is  common  in  most  high-wind 
speed  environments  [14]: 


P(U) 


where 


A  =  Weibull  scale  parameter  (ms  a), 
k  =  Weibull  shape  parameter. 

E  can  also  be  determined  from: 

(3) 


Fig.  1.  (a)  Frequency  distribution  of  wind  speeds  with  the  filled  bars  showing  observations  from  a  Danish  coastal  site  for  the  period  1 997-2003.  The  mean  wind  speed  at  50  m 
height  at  the  site  is  8.1  m  s-1.  The  line  shows  the  fitted  Weibull  distribution  where  the  Weibull  scale  factor  A  (related  to  the  central  tendency)  is  9.1  m  s-1  and  the  shape  factor 
k  (related  to  the  variability)  is  2.25.  (b)  A  standard  power  curve  for  a  wind  turbine  rated  at  1  MW.  (c)  The  power  output  as  a  function  of  wind  speed  for  the  wind  climate  and 
wind  turbine  shown  above. 
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where 

r=  gamma  function. 

Given  the  energy  in  the  wind  is  the  cube  of  wind  speed  (Eq.  (1 )), 
a  small  change  in  the  wind  climate  can  have  substantial 
consequences  for  the  wind  energy  resource.  For  a  change  in  wind 
speed  at  turbine  hub-height  of  0.5  m  s_1,  from  5  to  5.5  m  s-1  (i.e.  a 
10%  change),  the  energy  density  increases  by  over  30%.  It  is  also 
clear  that  the  wind  resource  is  largely  dictated  by  the  upper 
percentiles  of  the  wind  speed  distribution  (Fig.  1),  a  factor  that  is 
further  amplified  by  the  non-linear  relationship  between  incident 
wind  speed  and  power  production  from  a  wind  turbine  (i.e.  the 
wind  turbine  power  curve,  Fig.  1 ). 

The  wind  climate  also  governs  aspects  of  the  wind  turbine 
design,  via  its  governing  role  in  wind  turbine  loading  through,  for 
example,  turbulence  intensity,  wind  shear  across  the  turbine 
blades,  and  transient  wind  conditions  such  as  the  occurrence  of 
extreme  wind  speeds  and  directional  changes  [15].  Other  atmo¬ 
spheric  conditions  that  are  of  importance  to  the  design,  operation 
or  power  production  from  wind  turbines  include  operational 
temperatures,  air  density,  icing  and  corrosion  and  abrasion  due  to 
airborne  particles  [15].  Herein  we  review  possible  mechanisms  by 
which  global  climate  variability  and  change  may  influence  the 
wind  energy  industry  via  changes  in  these  and  other  key 
parameters,  summarize  some  of  the  tools  that  are  being  employed 
to  quantify  these  effects,  discuss  results  of  studies  conducted  to 
date,  and  show  illustrative  examples  of  research  from  northern 
Europe. 

2.  Impact  of  climate  change  on  the  wind  resource 

2.2.  Wind  resource  magnitude 

The  principal  and  most  direct  mechanism  by  which  global 
climate  change  may  impact  the  wind  energy  industry  is  by 
changing  the  geographic  distribution  and/or  the  inter-  and  intra¬ 
annual  variability  of  the  wind  resource.  Research  undertaken  to 
quantify  this  effect  generally  relies  on  application  of  downscaling 
methodologies  designed  to  extract  higher  resolution  projections  of 
climate  parameters  of  interest  from  coupled  Atmosphere-Ocean 
General  Circulation  Models  (AOGCMs,  also  referred  to  as  Global 
Climate  Models  (GCMs)).  These  approaches  can  be  broadly 
classified  into  dynamical  (application  of  Regional  Climate  Models 
(RCMs))  or  statistical  (development  of  empirical  transfer  functions 
between  aspects  of  the  large-scale  climate  and  local  climate 
variables)  downscaling. 

Dynamical  downscaling  is  conducted  using  limited  area 
models— RCMs  that  use  the  same  or  similar  numerical  schemes 
and  parameterizations  to  those  employed  in  GCMs  but  that  are  run 
with  higher  resolution  over  a  target  region  of  interest.  GCMs  have 
typical  spatial  resolution  below  0.5  x  0.5°,  while  RCMs  are  run  at  or 
above  this  spatial  discretization  (e.g.  in  the  NARCCAP  project  in  the 
USA  [16],  and  the  PRUDENCE  [17]  and  ENSEMBLES  [18,19]  projects 
in  Europe).  Dynamical  downscaling  using  RCMs  is  theoretically 
preferable  to  statistical  (empirical)  downscaling,  and  can  be 
conducted  for  any  location  regardless  of  the  availability  of 
observations  of  the  surface  variable.  However,  even  dynamical 
downscaling  is  not  completely  based  on  first  principles,  but 
employs  parameterizations  to  represent  unresolved  processes  (e.g. 
sub-grid  scale  processes).  Thus  although  RCM  can,  in  principle, 
respond  in  physically  consistent  ways  to  external  conditions  not 
realized  in  the  training  period,  empirical  constants  used  in  these 
parameterizations  are  based  on  observations  in  domains  in  which 
the  models  were  developed  and  may  not  be  fully  transferable  to 
other  climate  regimes  [20].  Although  RCMs  resolve  terrain  and 


coastlines  better  than  GCMs  they  are  dependent  on  the  quality  of 
lateral  boundary  information  provided  by  the  GCMs  in  which  they 
are  nested.  They  produce  higher  spatial  variability  over  complex 
topographic  features  and  may  be  of  particular  utility  where  high 
spatial  variability  results  from  fine-scale  dynamical  processes, 
such  as  mesoscale  circulations. 

Simulation  of  near-surface  wind  climates  and  energy  density 
represents  a  severe  challenge  to  GCMs  and  RCMs.  Due  in  part  to  the 
spatial  scales  of  wind  speed  variability,  RCMs  do  not  fully 
reproduce  contemporary  wind  climates  [21-23]  or  historical 
trends  [24],  and  the  model-to-model  variability  is  of  comparable 
magnitude  to  the  climate  change  signal  present  in  future 
simulations  [25-27].  To  overcome  issues  of  sub-grid  scale 
variability  and  truncation  of  the  wind  speed  probability  distribu¬ 
tion  that  characterize  many  RCMs,  gust  parameterizations  have 
been  implemented  [22]  and  the  results  used  to  increase  wind 
speeds  in  a  post-processing  step  [23]. 

Sensitivity  analyses  conducted  using  the  Atmosphere-Ocean 
Coupled  Rossby  Centre  RCM  (RCAO,  version  2)  indicated  wind 
speed  and  energy  density  projections  under  climate  change 
scenarios  show  little  variability  with  the  SRES  emission  scenario 
[28],  but  a  high  degree  of  sensitivity  to  the  lateral  boundary 
conditions  (i.e.  nesting  GCM)  [27]. 

Statistical  downscaling  is  based  on  development  of  transfer 
functions  that  relate  descriptors  of  the  large-scale  climate  from 
GCMs  to  the  local  variable  of  interest.  They  thus  use  information 
from  GCMs  at  the  scales  at  which  they  show  greatest  skill  [29],  but 
deriving  realistic  scenarios  and  robust  transfer  functions  is  reliant 
on  strong  and  stationary  relationships  between  predictors  and 
predictands  which  may  not  be  valid  in  an  evolving  climate. 
Statistical  downscaling  may  be  undertaken  without  requiring 
additional  data  such  as  surface  orographic  and  roughness  maps, 
but  requires  in  situ  data  for  transfer  function  development.  A 
further  major  advantage  of  statistical  downscaling  is  that  the 
associated  computational  costs  are  generally  modest  allowing  for 
downscaling  of  multiple  GCMs. 

Traditionally  a  major  challenge  to  statistical  downscaling  has 
been  under-estimation  of  variability  which  is  a  major  limitation  in 
applications  to  wind  speeds  and  energy  density,  where  the  full 
probability  distribution  is  required.  Two  approaches  have 
typically  been  applied  to  address  this  issue:  inflation  where  the 
simulated  variability  is  increased  by  multiplication  by  a  specified 
factor  (in  some  instances  using  techniques  which  ensure  the 
correct  resultant  variability),  and  randomization  where  noise 
(often  derived  from  the  synoptic  scale)  is  added  to  increase  the 
variability  [30].  However,  a  new  technique  has  been  developed 
that  does  not  require  this  type  of  adjustment  [31,32].  In  this 
technique  the  Weibull  A  and  k  of  the  wind  speed  distribution  at  a 
given  location  are  directly  downscaled  (i.e.  are  the  predictands) 
from  sea-level  pressure  and  vorticity  (i.e.  predictors  drawn  from 
GCM  simulations).  Application  of  this  technique  to  northern 
Europe  showed  a  high  degree  of  skill  in  reproducing  independent 
data  (e.g.  the  mean  and  90th  percentile  wind  speeds,  and  energy 
density)  during  the  historical  period  [33].  Application  of  the 
technique  to  output  from  ten  GCMs  resolved  that  stochastic 
influences  within  individual  GCM  simulations  had  only  a  small 
influence  on  the  wind  climate  projections,  but  a  major  source  of 
uncertainty  in  wind  climate  projections  derived  from  differences 
in  predictors  (i.e.  descriptors  of  the  large-scale  flow)  drawn  from 
multiple  GCMs  [33].  This  finding  is  thus  in  accord  with  the  results 
of  analyses  descried  above  conducted  using  a  RCM  which  also 
illustrated  the  key  role  of  the  nesting  GCM  in  dictating  the  climate 
sensitivity  of  wind  regimes. 

Despite  the  caveats  given  above,  some  generalizations  may  be 
drawn  from  research  applying  downscaling  in  the  context  of  wind 
speeds  and  energy  density  over  Europe.  By  the  end  of  the  twenty- 
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first  century  there  may  be  an  increase  in  wintertime  energy  density 
in  the  north  [27]  and  a  decline  in  southeast  [34].  This  also  appears 
to  be  true  for  annual  mean  wind  speeds  [35].  This  finding  is 
consistent  with  a  continued  tendency  toward  the  positive  phase  of 
the  North  Atlantic  Oscillation  [36],  which  is  known  to  be  a  strong 
determinant  of  winter  wind  speeds  in  northern  Europe  [37],  and 
poleward  displacement  of  storm  tracks  [29].  When  the  new 
probabilistic  empirical  downscaling  approach  based  on  down- 
scaling  of  the  Weibull  distribution  parameters  was  applied  to 
stations  in  northern  Europe  using  a  suite  of  GCMs  the  results 
indicate  an  absence  of  significant  changes  in  wind  energy  density 
to  the  middle  of  the  twenty-first  century,  and  that  changes  by  the 
end  of  the  century  in  the  mean  and  90th  percentile  wind  speeds 
and  energy  density  (Fig.  2a)  are  small  (<±10%)  and  comparable  to 
the  current  variability  manifest  in  downscaling  from  different 
AOGCMs  [26],  and  natural  variability  within  the  climate  system. 

Empirical  downscaling  for  the  USA  using  linear  techniques 
applied  to  output  from  two  AOGCMs  suggested  modest  declines 
(<3%)  in  mean  wind  speeds  in  the  next  50  years,  and  less  than  5% 
over  the  next  100  years  [38].  Research  conducted  in  the  northwest 
states  of  the  USA  using  classification  and  regression  trees  methods 
in  the  transfer  functions  also  indicate  a  decline  in  wind  energy 
density  during  the  summer,  but  little  or  no  change  in  the  winter 
under  two  climate  change  emission  scenarios  and  output  from  four 
AOGCMs  [39]. 


Brazil  has  a  large  wind  resource,  which  was  shown  to 
substantially  decline  by  2100  under  A2  and  B2  SRES  climate 
trajectories  in  an  analysis  using  the  PRECIS  model  [40].  The 
magnitude  of  the  changes  (a  decline  of  up  to  60%  in  the  national 
resource),  greatly  exceeds  changes  reported  for  other  regions  of  the 
world,  and  may  derive  partly  from  the  simplifying  assumptions 
employed  in  the  study.  The  results  can  be  contrasted  with  those 
from  the  west  coast  of  South  America  which  used  direct  output 
from  15  GCMs  and  the  PRECIS  model  nested  within  HadAM3  to 
show  large  increases  in  near-surface  winds  (up  to  +15%  in  the 
mean  wind  speed)  under  both  the  A2  and  B2  SRES  emission 
scenarios  [41]. 

2.2.  Variability  of  the  wind  resource 


Variability  in  wind  speeds  and  energy  density  are  inherent 
across  a  range  of  temporal  scales,  and  in  the  context  of  the  wind 
energy  industry  is  often  quantified  using  wind  indices  [42]: 


WI  = 


n 


JJ3 

j= 1  Ui-'< 


Ui 

J  X  100 


where 


j  =  1,  n  indicates  the  time  series  from  the  period  of  interest, 
i. .  ./<  indicates  the  normalization  period. 


Longitude  (E) 


Longitude  (E) 


Fig.  2.  Ensemble  average  difference  in  percent  of  (a)  energy  density  and  (b)  50-year 
return  period  wind  speed  computed  using  a  probabilistic  empirical  downscaling 
approach  [26]  for  43  stations  across  northern  Europe  based  on  output  from  8-GCMs 
(BCCR-BCM2.0,  CGCM3.1,  CNRM-CM3,  ECHAM5/MPI-OM,  GFDL-CM2.0,  GISS- 
ModelE20/Russell,  IPSL-CM4,  and  MRI-CGCM2.3.2.).  The  future  time  period  is 
2081-2100,  while  the  historical  period  in  1961-1990.  A  positive  value  indicates 
higher  energy  density  or  extreme  wind  in  the  later  time  period. 


The  inter-  (and  intra-)  annual  variability  of  wind  speeds,  wind 
indices  and  energy  density  are  naturally  a  function  of  the  regional 
climate,  and  frequency  and  intensity  of  transient  storm  systems, 
and  the  spatial  scale  of  aggregation.  At  short  time  scales  this 
variability  leads  to  variable  output  of  electricity  production  [12] 
and  the  need  for  short-term  prediction  [43,44].  At  longer  time 
scales  (seasonal  and  beyond)  it  has  relevance  for  coupling  of 
production  to  demand,  reliability  of  electricity  production  and 
project  economics.  Given  the  high  capital  costs  of  most  renewable 
energy  systems  relative  to  operation  and  maintenance  and 
discounting  of  future  revenues  [11],  inter-annual  variability  can 
play  a  key  role  in  dictating  economic  feasibility,  hence  The 
importance  of  a  good  wind  year  to  start  on  when  building  a  wind 
farm’  [45]. 

Historical  inter-annual  variability  across  much  of  Europe, 
measured  as  the  standard  deviation  of  annual  wind  indices,  is 
approximately  ±10-15%  [42,46]  and  variability  from  decade-to- 
decade  has  been  estimated  as  approximately  ±30%  [46].  Inter-annual 
variability  of  station  specific  annual  mean  wind  speeds  in  Minnesota 
was  reported  as  approximately  ±5%  [47],  which  is  consistent  with 
results  from  northern  Europe  when  scaled  to  represent  energy 
density.  Inter-annual  variability  of  mean  wind  speeds  over  much  of 
Europe  is  characterized  by  a  normal  distribution  with  a  standard 
deviation  of  6%  [12]  which  is  consistent  with  the  analyses  of  energy 
density  described  above.  In  the  Pacific  Northwest  of  the  USA,  the 
standard  deviation  of  annual  mean  wind  speed  at  three  individual 
sites  varied  between  4  and  10%  of  the  mean,  and  the  standard 
deviation  of  annual  energy  density  was  approximately  13%  of  the 
mean,  while  the  absolute  range  over  a  12-year  period  was  -26  to 
+19%  [48].  Similar  findings  were  reported  for  a  site  in  North  Dakota 
[49].  Analyses  of  observational  data  from  the  Mediterranean  found 
much  higher  inter-annual  variability  than  characterizes  the  USA  and 
northern  Europe,  and  one  study  from  an  island  in  the  eastern 
Mediterranean  reported  a  standard  deviation  of  annual  mean  wind 
speed  of  over  66%  of  the  average  annual  mean  [50]. 

Little  research  has  been  conducted  to  indicate  if  the  inter-annual 
and  inter-decadal  variability  of  wind  speeds  and  energy  density  will 
increase  or  decrease  under  climate  change  scenarios.  In  light  of 
evidence  of  changing  storm  tracks  [29]  it  seems  probable  that  at 
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least  in  some  locations  a  change  in  inter-  and  intra-annual  variability 
of  the  wind  resource  is  likely,  although  one  study  of  European  wind 
indices  based  on  output  from  a  single  GCM  found  no  evidence  of 
substantial  changes  in  the  intra-  or  inter-annual  variability  during 
the  twenty-first  century  [42].  Further  few  studies  have  sought  to 
determine  if  our  current  generation  models  can  replicate  historical 
variability.  One  analysis  based  on  output  from  two  RCMs  (MM5  and 
RSM)  indicated  a  decline  in  inter-annual  variability  of  grid-cell 
annual  mean  wind  speeds  over  most  of  the  contiguous  USA  during 
the  historical  period  (1979-2004)  irrespective  of  the  direction  of 
change  in  the  annual  mean  wind  speed  from  that  grid  cell,  which 
may  indicate  decoupling  of  changes  in  the  mean  wind  climate  and 
variability  at  least  in  these  RCM  simulations  [24]. 

3.  Impact  on  operation  and  maintenance  of  wind  farms  and 
turbine  design 

Climate  change  may  also  alter  not  only  the  wind  resource,  but 
also  the  environmental  context,  operation  and  maintenance  and/or 
design  of  wind  developments.  A  major  issue  in  design  of  wind 
turbines  and  wind  farms  is  to  characterize  wind  turbine  loads  which 
affect  the  performance  and  lifetime  of  the  turbines  [51].  Loads 
relating  to  external  conditions  can  be  divided  into  extreme  loads 
which  arise  mainly  from  extreme  (i.e.  inherently  rare)  events  with 
return  periods  of  1-50  years  and  fatigue  loads  [52]  which  are 
primarily  determined  by  the  mean  wind  speed  and  the  standard 
deviation  of  wind  speed  fluctuations  that  are  strongly  related  to  site 
turbulence  levels  [53].  Because  of  the  complexity  of  interactions 
between  wind  turbines  and  turbine  components  with  external 
conditions,  structural  dynamic  models  are  used  to  assess  loads  based 
on  a  number  of  frequently  updated  design  load  cases  [15,52,54,55]. 
We  are  not  aware  of  any  study  that  has  sought  to  quantify  possible 
changes  in  the  parameters  used  in  the  design  load  cases  in  the 
context  of  climate  evolution.  However,  changes  in  extreme  loads 
which  frequently  arise  from  high-wind  speeds  [56]  may  well  evolve 
as  a  result  of  changing  storm  intensity  and  tracking.  Wind  turbines 
are  designed  for  different  conditions  [54]  based  on  hub-height 
values  of  the  mean  annual  wind  speed,  the  reference  (extreme)  wind 
speed  (highest  mean  10-min  average  wind  speed  value  to  be 
expected  in  a  50-year  period)  and  the  characteristic  turbulence 
intensity  to  be  expected  at  15  ms-1  [51  ].  Average  turbulence  levels 
are  most  strongly  related  to  site  characteristics  such  as  topography 
and  surface  type  [15]  and  as  such  are  likely  to  be  only  moderately 
impacted  by  changes  in  climate,  potential  changes  in  mean  wind 
speeds  were  discussed  above  and  therefore  we  limit  our  discussion 
below  to  extreme  wind  speeds  and  some  of  the  other  principal 
climatological  parameters  of  interest. 

3.2.  Extreme  wind  speeds  and  gusts 


Determining  whether  the  magnitude  of  the  design  criteria 
extreme  wind  speed  (50-year  return  period  10-min  sustained  wind 
speed)  will  alter  in  a  given  location,  when  and  by  how  much, 
represents  a  stringent  challenge  to  climate  science.  Accordingly, 
few  studies  have  attempted  to  examine  possible  changes  in  the  50- 
year  return  period  wind  speed  [27,57].  Those  that  been  undertaken 
generally  use  the  Gumbel  distribution  to  represent  the  probability 
distribution  of  extreme  wind  speeds  [58,59]: 
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where 


UT  wind  speed  for  a  given  return  period  (T), 
a  and  /3  are  the  distribution  parameters. 


The  distribution  parameters  (a  and  /3)  can  be  determined  via  a 
variety  of  methods  including  the  method  of  moments  applied  to 
time  series  of  wind  speeds,  from  the  method  of  independent 
storms,  the  Weibull  parameters  [59,60].  The  50-year  return  period 
wind  speed  may  be  estimated  using  output  from  RCM  for  a  time 
window  [27]  or  the  Weibull  parameters  derived  using  empirical 
downscaling  transfer  functions  [61]. 

Preliminary  analyses  from  both  dynamical  and  empirical 
downscaling  over  northern  Europe  exhibit  some  evidence  for 
increased  magnitude  of  wind  speed  extremes  [27,57,61,62] 
(Fig.  2b).  The  same  also  appears  to  be  true  in  analyses  for  central 
Europe  [63].  These  findings  are  consistent  with  a  tendency  towards 
poleward  displacement  of  storm  tracks  and  fewer  but  more  intense 
mid-latitude  cyclones  [29],  though  caution  should  be  used  in 
interpreting  such  analyses  due  to  the  difficulty  in  quantifying  the 
occurrence  of  inherently  rare  events. 

Ten-minute  sustained  extreme  wind  speeds  are  only  one 
component  of  the  wind  conditions  that  can  lead  to  critical  loads  on 
wind  turbines,  others  including  the  extreme  of  the  3-s  average 
wind  speed  (or  gust)  [64-66]  and  extreme  wind  direction  change 
[52].  There  is  currently  no  method  for  robustly  quantifying  the 
extreme  3-s  gust  in  the  context  of  climate  change  and  thus  it  can 
only  be  treated  indirectly  by  assuming  it  is  embedded  within  the 
extreme  10-min  sustained  wind  speed,  though  new  gust  para- 
meterizations  are  being  developed  and  implemented  in  RCMs  [23]. 
Equally,  the  authors  are  not  aware  of  any  tools  that  have  been 
specifically  developed  to  examine  extreme  wind  direction  changes 
in  the  context  of  climate  change. 

3.2.  Icing 

Icing  on  wind  turbines  represents  a  major  challenge  to 
installation  and  operation  of  wind  turbines  in  high  altitudes  and 
arctic  latitudes  [67,68].  Wind  turbines  can  be  built  to  withstand 
extreme  conditions  and  combined  wind-diesel  systems  are  an 
attractive  relatively  low-cost  proposition  for  remote  communities 
[69].  However,  ice  accretion  on  turbine  blades  can  degrade  turbine 
performance  and  durability  [70,71],  and  even  lead  to  safety 
concerns  associated  with  ice  shedding  (if  ice  is  thrown  from  the 
rotating  blades)  [72]. 

There  are  two  mechanisms  of  icing.  Rime  or  glaze  may  form 
when  by  what  is  referred  to  as  the  in-cloud  processes  when  super¬ 
cooled  droplets  impact  on  the  structure  and  freeze  on  contact,  or 
when  precipitation  freezes  after  striking  the  surface  [73].  While 
methods  exist  to  reduce  icing  (either  passive  methods  such  as 
blade  design  to  reduce  ice  accumulation,  or  active  methods  such  as 
blade  heating  [70,73,74]),  and  power  production  losses  due  to  icing 
are  difficult  to  unambiguously  identify,  data  from  turbines 
operating  in  Sweden  and  Finland  indicate  that  severe  icing  can 
lead  to  turbine  stoppages,  and  even  modest  accumulation  of  ice 
substantially  reduces  electrical  power  production,  and  signifi¬ 
cantly  degrade  annual  power  production  [67,68].  Indications  are 
that  between  9  and  45%  of  turbine  downtimes  in  Finland  may  be 
attributable  to  icing  events  [68]. 

Few  studies  have  considered  these  effects  in  the  context  of 
climate  evolution.  One  study  over  northern  Europe  calculated  icing 
times  using  output  from  a  RCM  for  1961-1990  vs.  2050-2100 
under  two  SRES  (A2  and  B2)  and  using  lateral  boundary  conditions 
from  two  GCMs  ( ECHAM4/OPYC3  and  HadAM3).  Icing  was 
assumed  to  occur  at  the  lowest  model  level  when,  at  that  level 
(90-130  m  above  ground  level),  the  simulated  air  temperature  was 
below  freezing  and  the  relative  humidity  exceeded  95%,  and  was 
assumed  to  persist  as  long  as  the  air  temperature  remained  below 
freezing  after  the  end  of  an  ice  accumulation  event.  The  study 
resolved  substantial  declines  in  the  occurrence  of  icing  frequency 
(of  up  to  100%  in  some  areas  of  Scandinavia,  depending  on  the 
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location  and  elevation  of  the  site)  under  all  the  scenarios 
considered  [75]  (Fig.  3).  If  confirmed  these  tendencies  towards 
reduced  icing  frequency  may  mean  sites  previously  deemed 
unsuitable  for  wind  turbine  deployment  due  to  icing  probabilities 
may  become  available  for  development. 

3.3.  Sea  ice  and  permafrost 

At  high  latitudes,  changes  in  permafrost  conditions  have  a 
profound  impact  on  road  construction  and  repair  which  may  also 
influence  access  for  wind  farm  installation  and  maintenance  [76]. 
As  noted  by  the  Alaska  Village  Electric  Cooperative  ‘Unfortunately 
warming  trends  are  affecting  the  expanse  and  depth  of  permafrost. 
Therefore  designing  a  foundation  in  the  changing  permafrost 
conditions  to  support  all  this  weight,  plus  the  system  frequencies 
and  variable  forces  exerted  by  the  rotating  turbine,  is  extremely 
challenging’  [77]. 

Sea  ice,  and  particularly  drifting  sea  ice,  potentially  greatly 
enhances  turbine  foundation  loading  and  thus  also  represents  a 
critical  issue  in  deployment  of  wind  turbines  offshore  [78]. 
Studies  of  projected  changes  in  sea  ice  days  in  the  Gulf  of  Bothnia 
in  the  north  Baltic  Sea  indicate  a  decrease  from  130-170  days  to 
0-90  days  in  2071-2100,  with  many  areas  becoming  ice-free 
[79].  A  study  conducted  for  the  entire  Baltic  Sea  indicated  large 
changes  in  sea  ice  extent  by  the  middle  to  end  of  the  twenty-first 
century  under  both  the  A2  and  B2  SRES  climate  change  scenarios 
[75]. 

3.4.  Other  factors 

Air  density  affects  the  energy  density  in  the  wind  (Eq.  (1))  and 
hence  the  power  output  of  wind  turbines,  and  is  inversely 
proportional  to  air  temperature,  thus  increasing  air  temperature 
will  lead  to  slight  declines  in  air  density  and  power  production.  The 
effect  is  modest,  but  not  negligible,  and  at  mean  sea-level  pressure 
an  increase  in  air  temperature  of  5  °C  (which  is  within  the  possible 
range  of  changes  by  the  end  of  the  twenty-first  century  [80] )  from  5 
to  10  °C  leads  to  a  decrease  in  air  density  of  1-2%  with  a 
commensurate  decline  in  energy  density. 

Extreme  low  and  high  temperatures  need  to  be  considered  in 
turbine  selection  and  operation  due  to  their  ability  to  alter  the 


Fig.  3.  Number  of  annual  icing  hours  over  northern  Europe  derived  from 
simulations  with  the  Rossby  Centre  coupled  RCM  for  1961-2000  and  2061-2100 
(A2  SRES).  Lateral  boundary  conditions  were  supplied  from  the  ECHAM4/OPYC3 
GCM.  The  solid  lines  show  the  isolines  bounding  400  and  1200  icing  hours  per  year 
for  the  control  period  ( 1 961  -2000),  while  the  dashed  isolines  depict  the  same  levels 
but  for  the  2061-2100  period.  The  areas  enclosed  by  the  1200  icing  hour  isolines  in 
the  historical  and  future  periods  are  denoted  by  the  light  and  dark  filled  contours, 
respectively.  Figure  redrafted  from  Figs.  7.9  and  7.10  from  [75]. 


physical  properties  of  component  materials  (e.g.  rubber  seals  may 
become  brittle  at  low  temperatures),  expansion  of  different 
materials  or  determine  the  necessary  fluids  for  lubrication  and 
hydraulic  systems  [15].  In  northern  Europe  where  the  greatest 
concentration  of  wind  turbines  currently  is  deployed,  shifts  in  the 
thermal  regimes  will  likely  be  beneficial  in  these  regards  with 
fewer  extremely  cold  conditions  [17].  However,  in  other  regions, 
warming  may  cause  an  increase  in  the  frequency  of  extreme  high 
temperatures,  which  may  have  an  impact  on  the  selection  of 
turbine  construction  materials  or  lubricants. 

Other  meteorological  drivers  of  turbine  loading  such  as  vertical 
wind  shear,  directional  distribution  and  turbulence  intensity  may 
also  be  influenced  by  climate  change  but  changes  in  these 
parameters  are  difficult  to  quantify  with  currently  available  tools, 
are  likely  location  specific  and  likely  to  be  secondary  in  comparison 
to  changes  in  resource  magnitude,  extremes  and  icing  issues. 

Changes  in  land  cover/land  use  (and  thus  surface  roughness 
length)  may  impact  the  future  wind  resource  in  some  regions  (as  it 
has  in  the  historical  record  [24]),  although  seasonal  variability  in 
surface  roughness  length  were  found  to  have  a  minor  impact  on 
wind  resources  in  one  study  in  northern  Europe  [81].  It  is  possible 
that  changes  in  thermal  regimes  and  the  associated  mesoscale 
phenomena  (e.g.  low-level  jets  [82]  or  roll  vortices  [83]),  or 
changes  in  inversion  height  [81]  could  impact  the  wind  resource 
and/or  wind  speed  profiles.  Coastal  flows  at  higher  latitudes  are 
strongly  dependent  on  whether  the  surface  is  ice  covered  or  open 
water  [84],  and  thus  may  also  alter  under  climate  change  scenarios 
but  such  effects  are  difficult  to  quantify  and  may  be  local  in  scale. 

Wind  turbines  are  frequently  in  coastal  locations  and  are  being 
increasing  deployed  offshore,  particularly  in  Europe  [85].  Thus 
changes  in  sea-level  and/or  salinity  may  also  be  of  importance.  Sea 
level  rise  largely  due  to  thermal  expansion  of  4.2  mm/year 
reported  in  the  4th  Assessment  Report  of  the  IPCC  [86]  may  have 
implications  for  wind  turbines  deployed  in  low-lying  coastal  areas 
in  terms  of  foundation  loading  if  flooding  becomes  more  frequent. 
Corrosion  is  related  to  salinity  but,  if  there  is  general  response  to 
global  warming,  salinity  is  expected  to  decrease  as  the  fresh  water 
loading  to  the  oceans  increases  [87].  There  may  be  local  exceptions 
to  this  if  the  balance  between  run-off  and  evaporation  is  altered. 
Corrosion  is  also  related  to  humidity  and  the  presence  of  abrasive 
particles  [15]  but  the  impacts  of  climate  change  of  these 
parameters  are  difficult  to  assess. 

Loading  on  wind  turbines  located  offshore  is  a  function  not  only 
of  the  wind  conditions  but  also  parameters  like  sea  depth  and 
bathymetry  which  affect  wave  height  and  type  [88].  The  IEC 
standard  61300-3  has  additional  requirements  for  evaluation  of 
external  conditions  at  offshore  wind  energy  sites  [89].  The 
foundation  of  an  offshore  wind  turbine  is  subject  to  the  combined 
action  of  wind  and  wave  loads,  which  in  turn  are  a  function  of  the 
wind  speed  and  significant  wave  height  [15].  Equally  the  wave 
state  is  in  turn  dictated  in  part  by  coupled  wind-wave  interactions 
[90],  and  thus  may  be  modified  by  changing  atmospheric 
circulation  patterns.  One  study  of  the  northeast  Atlantic  reported 
the  current  20-year  return  period  wave  maybe  expected  to  occur 
every  4-12  years  by  2080  [91].  Downscaling  of  the  mean  and 
extreme  wave  climate  of  the  North  Sea  based  on  wind  fields  from 
the  HadAM3  and  ECHAM4/OPYC3  GCMs  suggested  most  areas 
would  experience  an  increase  in  significant  wave  height  of  5-8%  by 
the  end  of  the  twenty-first  century  [92].  In  contrast,  simulations  for 
the  Mediterranean  Sea  using  the  WAM  model  mainly  indicated 
lower  significant  wave  heights  under  future  climate  change 
scenarios  [93].  While  these  changes  in  wave  height  in  different 
regions  could  be  consistent  with  projected  poleward  shifts  in 
storm  tracking  across  Europe  [94,95]  it  also  indicates  the  large 
uncertainty  in  establishing  current  climates  given  the  large 
variations  on  decadal  and  longer  time  scales  of  both  wind  [42] 
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and  wave  heights  [96]  and  the  complexity  of  the  processes 
influencing  these  parameters. 

4.  Concluding  remarks 

Global  climate  change  may  change  the  geographic  distribution 
and/or  the  inter-  and  intra-annual  variability  of  the  wind  resource,  or 
alter  other  aspects  of  the  external  conditions  for  wind  develop¬ 
ments.  It  is  likely  that  as  in  other  components  of  climate  change 
there  will  be  ‘winners’  and  ‘losers’  [97]— regions  where  wind  energy 
developments  may  benefit  from  climate  change,  and  regions  where 
the  wind  energy  industry  may  be  negatively  impacted.  Herein  we 
have  provided  a  very  brief  synthesis  of  research  being  conducted  in 
this  arena,  highlighted  parameters  of  particular  importance  and 
summarized  the  current  state  of  knowledge. 

Global  and  Regional  Climate  Models  do  not  fully  reproduce 
contemporary  wind  climates  or  historical  trends,  and  empirical 
and  dynamical  downscaling  studies  show  large  model-to-model 
variability  with  respect  to  the  climate  change  signal.  Nevertheless 
from  research  conducted  to  date,  it  appears  unlikely  that  mean 
wind  speeds  and  energy  density  will  change  by  more  than  the 
current  inter-annual  variability  (i.e.  ±15%)  over  most  of  Europe  and 
North  America  during  the  present  century.  Some  research  suggests 
changes  over  South  America  may  be  of  larger  magnitude  but  these 
estimates  are  also  subject  to  rather  large  uncertainty.  Only  very 
limited  research  has  been  conducted  in  this  field  and  to  determine 
possible  changes  in  variability  across  a  range  of  temporal  scales,  more 
research  is  certainly  warranted. 

Other  mechanisms  by  which  climate  change  may  influence  the 
wind  energy  industry  are  even  less  well  understood.  The  50-year 
return  period  wind  speed,  and  probability  of  icing  on  wind  turbines 
have  implications  for  turbine  design,  operation  and  maintenance, 
but  very  few  studies  have  considered  these  parameters.  Pre¬ 
liminary  studies  from  northern  and  central  Europe  exhibit  some 
evidence  for  increased  magnitude  of  wind  speed  extremes,  though 
changes  in  the  occurrence  of  inherently  rare  events  are  difficult  to 
quantify,  and  the  ability  of  our  downscaling  models  to  reproduce 
intense  and  extreme  wind  speeds  has  yet  to  be  fully  evaluated. 

Sea  ice,  and  particularly  drifting  sea  ice,  potentially  enhances 
turbine  foundation  loading  and  changes  in  sea  ice  and/or 
permafrost  conditions  may  also  influence  access  for  wind  farm 
maintenance.  One  study  conducted  in  northern  Europe  found 
substantial  declines  in  the  occurrence  of  both  icing  frequency  and 
sea  ice  extent  under  reasonable  climate  change  scenarios,  both  of 
which  are  physically  consistent  with  expected  changes  in  thermal 
regimes,  and  large  magnitude  warming  in  high  latitudes.  However, 
caution  must  be  exercised  in  interpreting  these  results  given 
recognized  limitations  of  RCMs  in  simulating  humidity  particularly 
close  to  the  freezing  point  of  water.  Further  research  in  these 
arenas  will  help  in  developing  most  robust  estimates  of  likely 
changes. 

Other  meteorological  drivers  of  turbine  loading  may  also  be 
influenced  by  climate  change  but  are  likely  to  be  secondary  in 
comparison  to  changes  in  resource  magnitude,  extremes  and  icing 
issues.  Nevertheless  it  would  seem  prudent  to  investigate  at  least 
some  of  these  parameters  in  more  detail. 
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